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Abstract 
The cutting fluid is one of the essential factors in machining to 
increase machinability. The issuance of ISO 14000 about reducing the 
use of cutting fluid for its danger for operator and environment has 
encouraged many researchers to find ways to minimize its use. The 
Minimum Quantity Lubrication (MQL) is an answer to it.  To further 
reduce the use of cutting fluid, a device that complies with MQL 
criteria for controlling the spray based on the tool temperature has 
successfully designed. This paper is discussing the effect of applying 
this device to the chips formation. The experiments were on turning 
of AISI 4340 using carbide tools. The Taguchi method L9 used to 
design the experiments. The variations made on the method of 
applying the cutting fluid, depth of cut, and cutting fluid composition. 
The chips formation was calculated based on the value of the degree 
of serration. Analysis of the S/N ratio, followed by ANOVA, revealed 
that the cutting fluids application method is the least factor affecting 
the chips formation. In contrast, the depth of cut influences the chips 
formation by 75 per cent more. The highest degree of serration 
achieved when applying the combination of depth of cut of 1.8 mm, 
the composition of 5:5, and flood method of applying cutting fluid.   
 




The use of cutting is a substantial factor in machining. The provision of 
cutting fluid has several functions, including reducing friction between tool 
and workpiece, reducing heat on the tool to avoid thermal deformation [1], 
and cleaning the separated chips from the workpiece [2]. 
Issuance of ISO 14000 has stimulated manufacturing companies to 
reduce the using of cutting fluid, considering environmental pollution and 
worker health issue. Some efforts have been in progress, such as using 
vegetable-based cutting fluids, which is sustainable and safer for the operators 
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[3], [4], [5], [6]. Among other attempts, applying minimum quantity 
lubrication (MQL) is on its way in improving the machined surface as well as 
reducing the use of cutting fluid [7], [8], [9], [10].  MQL method is a cooling 
method using coolant or lubricant mixed with compressed air with a speed of 
30 m/s and liquid between 500 ml/h [7]. 
 
2. RELATED WORKS 
In MQL, usually, the cutting fluid flow rate is kept continuously. An effort 
to further reduce cutting fluid during machining is by controlling the cutting 
fluid spraying process according to the need. In machining, chips formation 
and friction generate heat. Distribution of heat is 10%, 10%, and 80% to the 
tool, workpiece, and chips, respectively, in the case of steel machining [11].  
Our research group has successfully designed a newly designed MQL spraying 
system. Spraying of MQL cutting fluid is able to be temperature-controlled by 
connecting the tool with Arduino controller [12]. Figure 1 is showing how the 
MQL system works.  The sensor position is 3 mm away from the tooltip. The 
researchers set the temperature at 70oC to enable the cutting fluid spraying 
when the detected temperature beyond this limit. The spaying will be stopped 
when the tool cooled down below this limit [13].  
The research aims to study chip formation in the presence of this device 
in the turning process of steel. Chip formation studies are essential as they 
related to force, quality of machined surface, and tool life [14]–[16]. It also 
related to the microstructure of the workpiece and the proposed treatment 
before and after machining [17]–[19]. Chip morphology influenced the 
machinability to the greater extend [17]. Chip pattern was greatly influenced 
by machining parameters. In this research, the study of chip formation of AISI 
4340 steel will concern on the effect of some parameters variations. The 
cutting fluid of time-controlled and temperature-controlled MQL will be 
compared with the flood method. 
 
3. PROPOSED METHOD 
 The study on chips formation would be carried out by observing the chip 
using naked eye, a normal camera (macro-photo), optic microscope (OM), and 
scanning electron microscope (SEM). A segmented chips is preferable in 
machining. The level of segmentation would be calculated by a degree of 
serration (DOS) following the optical microscope observation. Analysis of the 
mechanics of chips formation would be carried out base on SEM observation 
in compare to the existing theory. The Taguchi L9 would be used to design the 
experiment to study how some machining parameters affect the chips and its 
formation. 
 
4. EXPERIMENT AND ANALYSIS 
Experiment 
Straight turning with conventional machining was performed using a 
lathe of GUT type C236X1000 with 9 choices of spindle speed between 34 to 
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1400 rpm. This machine equipped with cutting fluid gush device, however for 
this research we made our own design to comply with MQL requirement.  
A mini liquid pump completed with an injector and sprayer was installed 
and connected to the controller. The Arduino controller works either time- or 
temperature- based. We would use these both options in this research. In the 
temperature-controlled method, the controller was connected to the sensor 
which was attached 3-mm from the tip on the flank face of the tool. Figure 1 is 
showing how the MQL system works.  The researchers set the temperature at 
70oC in the Arduino control system to enable the pump to gush the cutting fluid 
when the detected temperature beyond this limit. The spraying will be stopped 
when the tool gets cooled down below 70oC [13]. 
 
 
 Figure 1. Schematic of temperature control based for MQL in turning process 
 
In the present study, the workpiece is AISI 4340 which has a hardness of 
95.9 HB and ultimate tensile strength of 110 N/mm2. The workpiece is a rod 
of diameter 35 mm dan 250 mm long. Figure 2 shows the schematic of the 
workpiece. The chemical composition of AISI 4340 is presented in Table 1.   
 
Figure 2. Workpiece dimension 
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Table 1. Chemical composition of AISI 4340 
Fe C Cr Mn Mo Ni Si P S 
Bal 0.37-0.44 0.7-0.9 0.7 0.2-0.3 1.83 0.23 0.035 0.04 
 
The tool used was the carbide insert tool which according to ISO code 




Figure 3. Insert tool specification 
 
To study many several machining parameters together, the Taguchi 
method was used. Taguchi design proofed that it is a simplified but robust 
design which requires less number of experiments in comparison to full 
factorial design [20]. It already used in machining by previous researchers 
[21], [22], [23]. The Taguchi L9 (33) was used in the design of experiments 
which means 9 combinations of machining parameters. Each combination 
would be repeated three times. Therefore, we carried out 27 experiments 
altogether. To ensure the validity of the result, each single experiments using 
a new tool insert. After calculating the optimum parameter, at the end of 
Taguchi steps, confirmation experiments would be done to ensure the 
validation of the calculation [21], [22]. 
A higher depth of cut was chosen for the sake of easiness of chip 
observation, however, they were within the working limit of the tool. The 
cutting fluid made of mixing of cutting oil (known as “dromus” among the 
machinist) and water. The term of “dromus” will be used for the pure mineral 
cutting fluid as received. The composition term based on the volume 
composition at a total of 1300 ml at the time of making the cutting fluid. For 
example composition of 7:3 means 7 portions of dromus and 3 portions of 
water. In another word, out of 1300 ml the cutting fluid consist of 900 ml of 
dromus and 400 ml of water. For the cutting fluid application, three methods 
were chosen: time-controlled MQL, temperature-controlled MQL and flood.  
Time-controlled means the cutting fluid was gusted every 7 seconds with 5 
seconds spraying time and 2 seconds off. Flood means cutting fluid application 
without the MQL device. These two types of cutting fluid application would be 
observed in comparison to the temperature-controlled MQL. The temperature 
control setting was 70oC. Three machining parameters and their variation are 
presented in Table 2. Out of dependent parameters, some other machining 
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parameters were kept constant, i.e. spindle speed (n) of 585 rpm and feed rate 
(f) of 0.108 mm/rev.  
Observation of chip was carried out with naked eye, macro-photo and 
using an optic microscope and SEM for the selected chips. The chips were 
collected after each machining and cold mounted in resin. Grinding at several 
degrees of the roughness of sandpaper, polishing and etching have been 
carried out carefully prior to microscope observation. Some good looking 
samples of microscope observation were observed using scanning electron 
microscopy (SEM).   
 
Table 2. Machining parameters and their level 
Code Factor Control Level 1 2 3 
A Depth of cut 1.6 mm 1.8 mm 2 mm 
B Composition 3:7 5:5 7:3 
C Method Time-controlled MQL 
Temperature-
controlled MQL Flood 
 
Analysis 
Observation with naked eyes shows that there is a difference between 
chips of MQL and flood cutting fluid application. Figure 2 shows the result of 
chips produced from 3 cooling methods used in this study. Figure 2 (a) and (b) 
show the chip produced by time-controlled and temperature-controlled MQL 
respectively. It is evident, that both chips are continuous and snarling or curly, 
moreover, they are barely unbreakable. With MQL the flow rate of cutting fluid 
sprayed to the interface between tool and chip are very less. The cutting fluid 
also works as a drift force to separate chip from the workpiece. When the flow 
rate of the cutting fluid is very less, there is no sufficient force to initiate a 
separation. Therefore, the formed chips tend to continuous. This is 
compounded by the fact that the cutting fluid was intermittently applied.   
Flood mode of cutting fluid resulted in different chips form the two above 
mentioned ones. In the beginning, the chips are spiral, then continuous and 
snarling type. At the rest of machining session, it was segmented and semi-
segmented chips as shown in Figure 2 (c). During machining, the heat was 
generated as a result of shearing in chips formation and friction between chips 
and tool as well between tool and workpiece. The heat, then, distributed 
mostly to the chips (about 80% in case of steel machining). Applying flood 
cutting fluid as if quenching the chips, therefore it becomes brittle and easily 
breakdown. The abundant cutting fluid also means high force to drift the chips 
separate from the workpiece. 
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Figure 2. Chips variation as a result of the method of applying cutting 
fluid (a) Time- controlled MQL, (b) Temperature-controlled MQL, and (c) 
flood. 
 
Further, observation has been carried out using an optical microscope. 
Prior to observations, the chips were cold mounted on a resin of 50 mm in 
diameter and thickness of about 20 mm as depicted in Figure 3 (a). The 
samples, then, ground and polished at several stages; one of which is shown in 
Figure 3 (b). At the upper side of the chip, there are teeth like profile. 
Therefore, this chip commonly called as saw tooth chips or serrated chips.  
   
Figure 3. Chips observation using optic microscope: (a) chips are cold mounted 
followed by grinding and polishing, (b) A sample of microscope photo of chips. 
 
To enable the mathematics calculation of the chips, the degree of 
serration (DOS) is calculated by comparing the peak (H) to the valley (h) of the 
tooth. This method has been used by previous researchers [16], [18], [24]. The 
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example of the DOS calculation is shown in Figure 4 (c) following the optic 
microscopy picture of Figure 4 (b). The DOS data were collected from each 
combination of machining parameters at least twenty data, to ensure the 
validity of the data.  The average DOS of each experiment is presented in Table 
4.   
 
 
Figure 4. Calculation of degree of serration 
 
The higher the percentage of DOS the easier the chips to brake. In 
machining the broken chips are preferable. Therefore, the quality criteria of 
the higher the better would be used in this research. The DOS values obtained 
are presented in the form of a table according to the L-9 Taguchi design as 
shown in Table 4 to facilitate further analysis. 
 
Table 4. The degree of serration value 
 
No 
Machining parameters Degree of serration (%) 
Depth of Cut 
(mm) Composition Method*) 
Repetition Average 
1 2 3 
1 1.6 3 : 7 Time-MQL 3,669 5,538 3,647 4,285 
2 1.6 5 : 5 Temp-MQL 3,402 5,749 6,615 5,255 
3 1.6 7 : 3 Flood 9,121 4,069 6,791 6,661 
4 1.8 3 : 7 Temp-MQL 5,737 6,817 5,297 5,951 
5 1.8 5 : 5 Flood 5,157 11,343 5,604 7,368 
6 1.8 7 : 3 Time-MQL 6,587 6,205 5,526 6,106 
7 2.0 3 : 7 Flood 2,360 3,631 3,178 3,056 
8 2.0 5 : 5 Time-MQL 3,911 3,901 3,874 3,895 
9 2.0 7 : 3 Temp-MQL 2,825 2,918 3,936 3,226 
*) Time-MQL: time-controlled MQL cutting fluid application 
     Temp-MQL: temperature-controlled MQL cutting fluid application 
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The data, then, analyzed using Minitab 19 of a free trial version. Figure 5 
is showing the mean of means of each machining parameters. 
 
 
Figure 5. Means plot average value of each machining parameters 
 
Figure 5 revealed that a maximum degree of serration would be achieved 
by using the value of 1.8 mm; 5:5 and flood for machining parameters of the 
depth of cut, cutting fluid composition and method of applying cutting fluid 
respectively. The result was summarized in Table 5.  
 
Table 5. Optimum response parameter combination 
Symbol Parameter Level Value 
A Depth of cut 2 1.8 mm 
B Composition 2 5: 5 
C Method 3 Flood 
 
To know the significance of all machining parameters, further analysis of 
ANOVA is explored. With ANOVA the interaction between each factor can also 
be detected by comparing the value of the mean square to an estimation of 
experimental errors. ANOVA also showing comparison data at a specific 
confidence level.  The ANOVA analysis of these experiments is presented in 
Table 6.  
The row at Table 6 which is marked ‘Error’ refers to errors caused by 
uncontrollable factors, or in the Taguchi model, called ‘noise’. The noise comes 
from: (i) the parameters which are not included in the experiments and (ii) the 
experimental error. The error in this experiment is 16.770%, which is higher 
than recommended, that it should be less than 15%. We believe that this error 
due to other machining parameters which influence the result of the chip but 
they were excluded from the design of experiments, such as spindle speed (n) 
and feed rate (f) [25]. However, it is commonly accepted if the error of less 
than 50%. Beyond this limit, results will not be count as reliable [26].  
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Table 6. Analysis of variation (ANOVA) of means 
Source DF SS MS Fvalue P % 
Depth of cut 2 14,687 7,343 18,30 72,531% 
Composition 2 1,999 0,999 2,49 6,249% 
Method 2 1,654 0,827 2,06 4,449% 
Error 2 0,802 0,401  16,770% 
Total 8 19,142    
 
It is evident that the depth of cut is outweighed in influencing the value of 
DOS. On the contrary, the method of applying cutting fluid is the least 
parameter affecting the DOS value. Figure 6 shows the contribution of each 










Figure 6. Parameter contribution value 
 
How the machining parameters affecting the DOS value 
Depth of cut is the most influencing factor to the DOS. The bigger depth 
of cut results in higher DOS value and forms discontinuous chips. While the 
shallow depth of cut produced thin and smooth chips, resulting in continuous 
chips. Shallow depth of cut also reduces the cutting zone on chips. Therefore, 
the structure of chips sheared in the shear zone is narrow, causing low DOS 
value. Otherwise, higher depth of cut results in thicker chips [27] and of course 
causing overheat. When the chips are splashed with cutting fluid, a quenching 
process occurs that causes the chips to become brittle. Higher depth of cut also 
causes the cutting zone on-chip gets wider, hence the structure sheared on-
chip also gets wider, resulting in high DOS value. In this research depth of cut 
of 1.8 mm resulted in highest DOS value. 
The composition control factor is one of the factors that influence this 
research. From the mean chart in Figure 5 shows that the most optimal 
composition in producing the highest degree of serration value is 5:5. It is 
because, in the steel machining process, the heat generated is mostly carried 
by chips so that the chips retain the highest temperature compared to 
workpiece and tool [8]. High dromus composition affects the cooling process 
on chips, and the cooling process is faster compared with dry machining as 
explained by Dhar [28]. Different composition means different viscosity of 
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liquid is certainly easier to spray through a nozzle. High flow power helps to 
give a push on chips and forms brittle chips, thus it produces discontinuous 
chips. 
Flood method is a cooling method by spraying cutting fluid towards the 
interface of tool-workpiece for the entire of machining time.  It means that the 
cooling process occurs continuously during the process of machining. The 
combination of intense spraying of thin cutting fluid and continuous heavy 
spraying results in thick chips. Moreover, the sudden cooling process results 
in brittle chips. 
 
Chips Formation 
The process of chips formation can be analyzed in more detail by 
scanning electron microscope (SEM) observation to see the transformation of 
microstructure on chips. Figure 7 shows that the deformation zone on chips is 
formed due to the shearing of microstructure (shear zone) which causes the 
formation of a saw-tooth chip or segmented chip. Deformation zone caused by 
shearing of microstructure can produce catastrophic behaviour on chip which 
cause a crack and damage to the chip [29].  As explained by Kalpakjian [30] 
regarding the theory of chip formation, the metal in front of the tool will be 
compressed due to cutting force (Fc). The first characteristic is elastic and then 
becomes plastic which causes the formation of a shear zone that will be thrust 
and released from the workpiece. Illustration of the mechanics of chips 
formation is presented in Figure 8. 
 
Figure 7. A snapshot of SEM observation result 
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Figure 8. Mechanics of chips formation in turning  
 
As discussed that previously that MQL either time-controlled or 
temperature-controlled have the least effect to the chips formation. However, 
the decision of whether we will use the flood type of cutting fluid application 
will depend on other considerations. Chips formation is only one aspect of 
machinability point of view. From the aspect of fluid consumption, the use of 
temperature-controlled MQL resulted in the least consumption [12]. It means 
machining with temperature-controlled MQL is the most efficient in term of 
money spent on buying cutting fluid and it is the safest one for the operator. 
Furthermore, the machinability from machined surface roughness also 
suggested using temperature-controlled MQL [31]. Therefore machining with 
temperature-controlled MQL may be still the best alternative, considering that 
the consumers do concern to parts quality which they received and do not care 
about the chips as a by-product of machining. 
Another result which authors would like to highlight is that applying the 
Arduino for controlling the MQL cutting fluid is an appreciated achievement in 
partially machining automation. Automation in machining can be done either 
partially or thoroughly. Some previous researchers have successful in attempt 
to gain productivity in non-conventional machining by applying artificial 
neural network modeling [32]. 
 
5. CONCLUSION 
Based on the result of research conducted on the minimum quantity 
lubrication method in the process of forming chips, it can be concluded: 
1. The cooling method, including the MQL, did not have a significant effect on 
the chips formation. Out of three cutting method application, the flood 
method revealed as the best method to create discontinuous chips.  In 
contrast, the depth of cut is the most dominant factor affecting the chips 
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formation.  
2. The optimum parameter combination which would result in the highest 
degree of serration is at the depth of cut of 1.8 mm, balance composition 
between mineral oil (dromus) and water and flood method of cutting fluid 
application.   
3. The final recommendation is machining with temperature-controlled MQL 
considering other perspectives of machinability. 
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